ABSTRACT. Landscapes are complex systems. Landscape dynamics are the result of multiple interacting biophysical and socioeconomic processes that are linked across a broad range of spatial, temporal, and organizational scales. Understanding and describing landscape dynamics poses enormous challenges and demands the use of new multiscale approaches to modeling. In this synthesis article, we present three regional systems-i.e., a forest system, a marine system, and an agricultural systemand describe how hybrid, bottom-up modeling of these systems can be used to represent linkages across scales and between subsystems. Through the use of these three examples, we describe how modeling can be used to simulate emergent system responses to different conservation policy and management scenarios from the bottom up, thereby increasing our understanding of important drivers and feedback loops within a landscape. The first case study involves the use of an individual-based modeling approach to simulate the effects of forest harvesting on the movement patterns of large mammals in Canada's boreal forest and the resulting emergent population dynamics. This model is being used to inform forest harvesting and management guidelines. The second case study combines individual and agent-based approaches to simulate the dynamics of individual boats and whales in a marine park. This model is being used to inform decision-makers on how to mitigate the impacts of maritime traffic on whales in the Saint Lawrence Estuary in eastern Canada. The third example is a case study of biodiversity conservation efforts on the Eyre Peninsula, South Australia. In this example, the social-ecological system is represented as a complex network of interacting components. Methods of network analysis can be used to explore the emergent responses of the system to changes in the network structure or configuration, thus informing managers about the resilience of the system. These three examples illustrate how bottom-up modeling approaches may contribute to a new landscape science based on scenario building, to find solutions that meet the multiple objectives of integrated resource management in social-ecological systems.
INTRODUCTION
Recent research suggests that ecosystems and landscapes are complex human-environment systems, having a dynamics characterized by uncertainty, threshold effects, and emergent patterns arising from multiple interacting processes linked across scales of space and time (Levin 1998 , Crawford et al. 2005 , Liu et al. 2007a , Liu et al. 2007b , Ryan et al. 2007 ). Human-environment systems are increasingly being studied under the guise of "ecological systems (SES)" or "coupled human and natural systems (CHANS)" (Liu et al. 2007a , Liu et al. 2007b ). This literature has advanced the theory on the resilience of social-ecological systems (Folke 2006) , the adaptive capacity of human communities, and the incorporation of complexity science into sustainable resource management (Walker et al. 2004, Norberg and Cumming 2008) . Clearly, long-standing approaches to landscape and ecosystem management, traditionally based on a "command and control" paradigm applied to a single resource considered in isolation (Holling and Meffe 1996) , must be replaced by innovative, integrated approaches that incorporate the inherent complexity of social and ecological systems (Parrott 2002 , Harris 2007 , Norberg and Cumming 2008 , Parrott and Meyer 2012 . In addition, case studies from diverse locations around the world conclude that, to be successful, landscape management approaches should be developed in collaboration with regional populations, using participative methods that engage local stakeholders (Ostrom et al. 1999 , Armitage et al. 2008 , Norberg and Cumming 2008 , Brondizio et al. 2009 ).
Models can be useful platforms to engage stakeholders by informing them about the complexity of the resource system with which they interact and allowing them to explore the potential outcomes of different management and intervention scenarios (Carpenter and Gunderson 2001 , Seely et al. 2004 , Bryan et al. 2011 ). Hybrid models, often integrating geographic information systems with agent or individualbased approaches, are tools of choice for modeling regional systems and are increasingly being used to study natural and common-pool resource management problems (Parker et al. 2003 , Matthews et al. 2007 ). In such models, the basic modeling units are individual entities at a low level of the organizational structure (e.g., individual stakeholders, individual animals or plants, or highly resolved landscape units) and higher level patterns and processes emerge during a simulation as the result of the collective actions of the lower-http://www.ecologyandsociety.org/vol17/iss3/art32/ level entities. By simulating processes from the bottom up, such models capture many of the characteristics of complex systems (e.g., hierarchy, cross-scale interactions, emergence) and are well suited to exploratory modeling and scenario testing (Bradbury 2002 ). Hybrid models have been applied in a variety of natural resource management contexts, including agriculture, hydrology and irrigation, and rangeland and forest management (Berger 2001 , Becu 2003 , Deadman et al. 2004 , Gross et al. 2006 , Manson 2006 , Moreno et al. 2007 , Schlüter and Pahl-Wostl 2007 , van Oel et al. 2010 ).
Ostrom (2009) presented a conceptual framework for describing and analyzing social-ecological systems, in which four main subsystems in interaction with each other are identified (Fig. 1 ). Fig. 2 shows how Ostrom's framework can be transcribed into a typical bottom-up modeling framework. Here we show how Ostrom's general framework can be applied to conceptualize three regional systems facing conservation planning and management challenges. These three systems, which include a forest system, a marine system, and an agricultural system, have been selected specifically to illustrate the general applicability of the approach across a range of resource types (Fig. 3) . We describe how hybrid, bottom-up models can be developed to represent key components in each system and inform stakeholders about the potential impacts of different management scenarios on the landscape. We discuss how simulating the emergent responses of each system from the bottom up can contribute to stakeholder awareness of system complexity and develop an understanding of the need to consider a range of possible outcomes when intervening on the landscape. Simulation of a social-ecological system using a bottom-up approach. The model represents local interactions between human and biophysical components (users and resource units) in a regional landscape (resource system). These interactions give rise to emergent patterns and processes (outcomes) in the system. Components may re-organize or modify their behavior in response to emergent outcomes, giving rise to feedback loops within the system. As shown here, and in the three case studies presented in this article, the actions taken by the governance system, in the form of policy and management scenarios, are typically input to the model by a human end-user.
METHODS AND RESULTS

Case study 1: boreal forest system, northeastern Canada
Context
The study area is a ~72,000-km 2 section of primary boreal forest situated in the Côte-Nord region of Quebec, Canada (Fig. 3) , which is a central area within the range of the endangered forest-dwelling caribou (Rangifer tarandus caribou). Forestry is the second-largest economic activity in this region and large sectors are subject to harvesting and regeneration schemes. In this social-ecological system, logging companies with concessions exploit the same resource units (wood). Concerns about the situation of woodland caribou populations have led to the implementation of an ecosystem-based approach to forest management in the region, in which management plans that are proposed for large areas (thousands of square kilometers) attempt to ensure the economic viability of the forest industry while at the same time preserving the biodiversity of the forest. Fig. 4 and Table  1 describe the main subsystems and variables of the study region. Woodland caribou habitat is the ancient boreal forest that covers much of Canada. The distribution of caribou has been gradually receding towards the north as the result of the northerly advance of logging and other anthropogenic activities (Schaefer 2003) . By modifying the structure of the landscape, via habitat fragmentation and by changing the distribution of stand ages, forest harvesting activities have a major impact on wildlife species (Thompson et al. 2003) . These activities reduce and fragment the habitat of the caribou, but they also modify their interactions with other species, especially with their main predator, the wolf (Canis lupus), through: (1) creation of a road network that allows wolves to move more efficiently (James and Stuart-Smith 2000) , and (2) apparent competition with the moose (Alces alces) (James et al. 2004 , Wittmer et al. 2007 ) whose population numbers increase in the regenerating forest. An increase in moose numbers is typically followed by an increase in wolves, therefore increasing predation pressure on caribou. Due to these complex feedbacks between landscape structure and the population dynamics of caribou, wolf, and moose, the effects of management plans on the long-term viability of the caribou population are little known. Modeling may help to identify the ideal spatial configuration of cutblocks to maintain the economic viability of the forest industry in the region while at the same time maximizing the long-term viability of the caribou population.
Emergence
Forest harvesting on the landscape thus has a compounded and nonlinear effect on caribou by not only reducing the total area of their habitat, but also by changing the movement patterns and population dynamics of the species with which they interact, thus potentially increasing encounter rates between caribou and their predators. This is a complex phenomenon that cannot be predicted without considering the interactions between landscape pattern and individual-level behaviors, and it involves a number of important feedback loops.
Animal movements depend on local conditions, habitat connectivity, and, according to unified foraging theory (Mangel 1986) , an animal's internal state. This internal state is itself a result of the past history of the animal and varies with time. Different structures of the landscape can therefore result in feedbacks that give rise to different spatial and nonspatial characteristics of landscape use by individuals. For example, the functional response in habitat selection, defined as a disproportionate selection of a habitat type with respect to its availability (Mysterud 1986) , gives rise to an important variability in habitat selection for different environments. Additionally, local predator-prey interactions can modify an animal's behavior. Analysis of empirical data shows that wolf presence modifies its prey's behavior (Creel et al. 2005 , Proffitt et al. 2009 ). Moreover, wolves modify their behavior after a successful kill (Kuzyk 2002) , giving rise to complex feedback loops between landscape structure, predator-prey interactions, and animal movements. Lastly, resources are nonlimiting in this system, implying that top-down forces are regulating animal populations, and that the frequency of predator-prey interactions is therefore crucial for population viability. In addition to landscape structure, the respective sizes of animal populations also have an influence on predatorprey interactions, giving rise to another feedback loop linking population and individual-level dynamics. 
Model
The model is designed to explore the relationships described above between landscape structure, animal movements, and population viability. It explicitly represents the resource system (the forest landscape) and the outcomes of resource use on the ecosystem (populations of moose, caribou, and wolf). Resource units (volume of harvestable wood) are not considered. The governance system and resource users are implicitly included in the model in the form of management plans (spatial and temporal allocation of cutblocks, development of the road network) that are input to the model by human end-users. See Table 1 for additional details.
The model represents the evolution of the forest landscape at a yearly time step (spatial extent 72,000 km 2 ; scale 25x25 m). Spatial variables can be divided into two groups: those related to land cover (e.g., vegetation), and those related to human activities (e.g., roads, logging, etc.). Moose, caribou, and wolves are represented as individuals, using an individualbased modeling approach that simulates individual movements, interactions, and energetic requirements at 4-h time steps. Individuals move according to step selection functions (Fortin et al. 2005 ) that assign scores to different possible steps (direction and distance of movements) by favoring selection or avoidance of environmental variables, coupled with internal (or state) variables.
More specifically, herbivores select steps based on energy gains and losses, distance to roads, density of recent cuts and regenerating stands, and percentage of canopy cover at the destination location. The individual's energy balance over the last few days (based on resource availability in recently visited http://www.ecologyandsociety.org/vol17/iss3/art32/ locations) and its perceived predation risk (based on recent wolf presence in space or time) are also taken into account in the movement function and there is an important trade-off to be made between energetic requirements and predation risk. Previously visited patches are retained in memory so that home range characteristics can be reproduced (Van Moorter et al. 2009 , Bonnell et al. 2010 . Wolves move based on landscape characteristics-i.e., land cover types, altitude, elevation, road density, density of recent cuts, density of regenerating stands, percentage of canopy cover, and the gradient of canopy cover -and do not consider energetic requirements in their habitat selection. Territorial behavior emerges because wolves remember previous kill sites, tend to return to previous locations, and avoid locations where wolves from other dens were in the past (Lewis et al. 1997) . Wolves have two displacement modes: a wandering one and a resting one. The resting mode occurs after having killed a prey. Herbivores therefore influence wolves' behavior by changing this mode. Individuals reproduce each year, and die naturally after a certain number of years, allowing the simulation of population dynamics over long time scales.
Application
The model is being used to test the effect of different management plans on the long-term (100-y) evolution of animal populations, especially caribou, i.e., on the outcomes of the interaction between the users (logging companies) and the resource system. By simulating animal responses and vegetation evolution from the bottom up, the model can enhance our understanding of both the direct and indirect effects of human activities on the woodland caribou that arise from complex interactions between multiple species and their environment. Due to the complexity of the interactions between the wolf and caribou in space and time, the response of the caribou population to different harvesting scenarios is highly nonlinear and essentially impossible to predict without using simulation based on a bottom-up modeling approach. There will likely be many surprises in this emergent response, such as unforeseen consequences of specific spatial or temporal configurations of cutblocks and residual stands.
The economic implications of the simulated management plans are currently assessed independently from the model. Explicitly modeling the wood (resource units) available for harvest and the economic costs and benefits of different management scenarios would improve the usefulness of the model for management and planning. While excluding the human component from the model greatly simplifies the modeling process, end-users interacting with the model will be faced with a multiple-objective, spatiotemporaloptimization problem for which the solution space is quite large. Future development could include the addition of a software agent (or a population of software agents) that searches the solution space for optimal harvesting scenarios, in order to find an acceptable compromise between socioeconomic considerations and conservation.
Case study 2: Saint Lawrence Estuary, eastern Canada
Context
This example is a 6000-km 2 seascape, encompassing the Saguenay River and a portion of the Saint Lawrence Estuary in Quebec, Canada (Fig. 3) . Marine ecosystems of the region are characterized by the regular presence of up to 13 marine mammal species including a threatened population of resident belugas (Delphinapterus leucas) and several migratory whale species such as the endangered North Atlantic Blue whale (Balaenoptera musculus). A whale-watching industry is well established in the region, with over 10,000 whale-watching excursions each year. Conservation concerns led to the creation of a federal marine park in 1998 that covers the core area of whale watching in the estuary (Guénette and Alder 2007) . A marine protected area covering a larger portion of the estuary is currently in the proposal stage.
The resource system thus consists of the portion of the Saint Lawrence Estuary covered by the Saguenay-Saint Lawrence Marine Park and the proposed Saint Lawrence Estuary Marine Protected Area. These conservation areas are under the jurisdiction of Parks Canada and Fisheries and Oceans Canada, respectively. Both institutions comprise the governance system. In the context of whale watching, whales represent the resource units of the system and the resource users are whale watchers (tourists led by boat captains representing different companies). Fig. 5 and Table 2 describe the main subsystems and variables of the system. Access to the resource units in the marine park is controlled by Parks Canada. The park introduced a permit system in 2002, requiring all commercial whale-watching vessels operating in the park to carry a permit. Regulations imposing speed limits in the vicinity of whales and minimum boat-whale distances were also adopted in 2002. In addition, the park's regulations stipulate the boats must increase their distance from a whale under observation when five or more boats are in the vicinity of the pod. Despite the presence of these regulations, the large size of the system makes it difficult to enforce the law effectively across the entire conservation area and there is considerable concern about the potential impact of human activities on the whale populations. Large boat aggregations around whales may shorten their dives (Michaud and Giard 1998) , possibly affecting foraging success and interfering with vital functions. In addition, whales have been observed to maneuver to avoid boats, again potentially interfering with their foraging activities (C. Martins et al., personal communication) . Despite these observations, the long-term cumulative impacts on whales are hard to quantify and are not immediately evident. These factors tend to reinforce the status quo in terms of how companies do whale watching. Lastly, there is a high turnover of boat captains, and this lack of stability means that there is very limited transfer of knowledge and environmental awareness amongst captains from one year to the next. http://www.ecologyandsociety.org/vol17/iss3/art32/ Fig. 5 . Conceptual diagram of the social-ecological system of whale-watching activities in the Saint Lawrence Estuary's conservation areas, based on Ostrom's framework (Ostrom 2009 ). The dashed lines encircle parts of the system that are not explicitly included in the model.
In this case, modeling may help increase understanding of the behaviors of whale-watching captains, and help explore the potential effects of different management scenarios (e.g., new whale-watching regulations) on the dynamics of whalewatching excursions and on the exposure of whales to boats.
Emergence
Patterns of boat aggregations and excursion dynamics are emergent properties of the system that can directly affect marine mammal exposition. Whale-watching captains communicate and share information via VHF radio to make whale localization and observation easier. This information constitutes the basis of their decision making, which is based on extrinsic factors (e.g., park regulations, vessel operations guidelines, whale spatial distributions, species abundances) and intrinsic factors (e.g., values, preferences, knowledge, beliefs). Captain decisions underlying excursion dynamics thus emerge from interactions between captains and from the captains' interactions with the resource system and the resource units, which are constrained by the governance system. Management actions (e.g., increasing surveillance by park wardens) and policy (e.g., introducing new regulations) are thus part of a suite of variables that influence captain behavior and, due to the emergent properties of the system, may not necessarily have the desired effect. Not represented in the model.
Model
A model was developed to explore the potential emergent responses of the system to different management scenarios. The model explicitly represents the resource system (marine environment), the resource units (whales), and the resource users (whale watchers). The governance system is implicitly represented in the form of management scenarios (e.g., constraints on captains in the form of regulations) that are input to the model. See Table 2 for more details.
The marine environment (extent 6000 km 2 , resolution 100 m) is represented by spatially explicit representations of Ecology and Society 17(3): 32 http://www.ecologyandsociety.org/vol17/iss3/art32/ bathymetry and other physical attributes of the estuary (e.g., buoys, lighthouses). The five species of whales most targeted by whale-watching excursions are represented using an individual-based approach. Modeled whales move in threedimensional space and they realistically reproduce known movement patterns (individual level), aggregation patterns (social level), and distribution patterns (population level) (Lamontagne 2009 ). Three different kinds of actors compose the resource users, namely companies, captains, and tourists. In the model, companies and captains are explicitly represented. Companies offer departures from their homeport according to a planned schedule. Captains are modeled as agents with cognitive abilities developed based on an interview campaign and field observations . Virtual captains also have a visual module, different kinds of memory, and communication abilities. For different management scenarios, the model simulates the movement of all of the boats and whales in the study area at 10-min time steps for the duration of the May-to-October tourist season. A more detailed overview of the model is given in Parrott et al. (2011) .
Applications
The model is being used as a decision-support tool to test and explore the impact of new management scenarios (e.g., reduction of speed limits, increase in minimum allowable distances between boats and whales, change in the maximum amount of time permitted for the continuous observation of the same whale) on spatiotemporal patterns of whale-watching excursions and on marine mammal exposure to boats. By simulating from the bottom up, the model can provide insight into potential emergent responses of the system, informing conservation area managers about the range of changes to expect. Changes can be documented by monitoring variables such as: the risk of boat-whale collisions, the total time of whale exposure to boats at a given distance, or the total number of co-occurrences between boats and whales within a given radius. Changes relative to whale-watching excursions can also be monitored, such as: total time spent in observation during excursions, the average number of species observed during excursions, or the average number of boats on observation sites. These variables are important indicators, not just for conservation purposes but also for whale-watching companies, and permit an analysis of the relative trade-offs between conservation and economic considerations for each management scenario. Lastly, the model can serve to improve our understanding about the cross-scale relationships between captain decision making and aggregate system properties.
Case study 3: Eyre Peninsula, Australia
Context
The Eyre Peninsula is an 80,000-km 2 region in South Australia, 250 km west of the city of Adelaide (Fig. 3) . It is bordered to the south, east, and west by the Southern Ocean. The climate of the peninsula varies greatly, according to a south-north gradient, from a Mediterranean-type climate in the south to a semi-arid climate in the north (where rainfall is highly variable at around 250 mm/y). The economy of the region is primarily based on agriculture, i.e., grain and grazing. The landscape is therefore largely rural. Apart from fields and pasture, the landscape includes 959,000 ha of native vegetation: 729,000 ha are on public land and the remaining 230,000 ha are on privately owned land. The Eyre Peninsula has several native plant and animal species that are threatened, endangered, or vulnerable (Matthews et al. 2001) . These species are affected by a variety of factors (Matthews et al. 2001:139) , including the connectivity of their habitats, which is related to land-cover change on privately owned land, i.e., clearance of native vegetation for agriculture, fencing of remnant vegetation to protect against grazing, and revegetation through native tree windbreaks or through the use of perennial bush for grazing, etc. A variety of conservation efforts are being carried out on the peninsula to help restore native species habitats. Fig. 6 and Table 3 describe the main components and variables of the Eyre Peninsula's socialecological system. Biodiversity, supported by habitats of connected patches of remnant vegetation (the resource units of the social-ecological system as shown in Fig. 6 ), is the focus of this case study. The conservation and maintenance of biodiversity on the Eyre Peninsula is a growing preoccupation, particularly in a context of climate change scenarios that forecast decreased and more variable rainfall, which will put pressure on already stressed ecosystem services. Conserving and augmenting biodiversity in the region may provide increased ecological resilience in the landscape and augment the capacity of ecological systems on the peninsula to adapt to environmental change. Biodiversity on the Eyre Peninsula partly depends on the protection and improvement of the many and scattered native vegetation patches on privately owned land; however, farmers and other landowners on the Eyre Peninsula have different views of the importance of conserving biodiversity (Ward and MacDonald 2009 ). Hence, biodiversity conservation faces a number of challenges, which means that project managers and officers must develop innovative programs that take into account environmental and socioeconomic constraints, i.e. native saltbush for grazing, planting native trees as wind barriers, etc.
Emergence
Both the social and ecological subsystems of the Eyre Peninsula may exhibit emergent properties. The governance system, for example, is composed of many actors belonging to a variety of agencies, groups, or organizations, i.e., governmental agencies, universities and research centers, farmers' groups, etc. These actors interact with each other in many ways, such as through information-sharing or other cooperation, in order to best manage the ecological subsystem. The way these interactions occur between heterogeneous actors leads to the emergence of social structural patterns at higher hierarchical scales. These emergent patterns can exhibit features considered important for a robust and adaptive governance system. A high social capital, for instance, emerges from the density of interactions at the level of individuals, and is often related to the capacity of individuals to organize in order to better manage natural resources (Crona 2006:135-155) . Similarly, the number and nature of influential actors, which may affect the robustness and adaptive capacity of the governance system (Crona 2006) , emerge from each individual's level of centrality. The centrality of an individual relates to his/her capacity to connect, on his/her own scale, more individuals than average within the system. Thus each individual's level of influence within the system is a function of the connectedness of the other individuals in the system, and the flow of information through the social network is the emergent result of all of these interconnections. In the resource system, individual patches of vegetation are linked to each other to form a network of habitat connectivity. The structure and dynamics of the habitats of threatened, endangered, or vulnerable species emerges from the local interactions of the individual patches. For both the social and ecological subsystems, individual interactions need to be explicitly taken into account to learn about the emerging structural qualities of each of the subsystems.
Model summary
A model has been developed to explore the resilience and adaptive capacity of the Eyre Peninsula region relative to a series of potential changes. The governance system, resource users, and resource units of the system are explicitly modeled using a network approach (Prell et al. 2009 , Cumming 2011 . The network of interactions between governance system agencies and users, i.e., information sharing, co-participation Table 3 . Conceptual framework of case study 3: Eyre Peninsula, South Australia.
Conceptual framework
Eyre Peninsula case study In the model Social, economic, and political setting Economic development of the region. Government resource policies (Natural Resource Management Act and plan).
Modeled implicitly as context and motivation for the project.
Resource system Sector: agriculture. System boundaries: agricultural part of the Eyre Peninsula, South Africa. Productivity of system: capacity of the system to sustain economy and, in our case study, a healthy population of endangered native plants and animals.
Modeled explicitly: the model includes the resource system as a network of land-units suitable to sustain a selection of important native species. These resources are modelled as a habitat connectivity network.
Resource units Units of land (suitable or not, to sustain healthy native species population).
Modeled explicitly: each land unit is mapped and is part of the landscape connectivity network according to its cover (native vegetation or not). Their nature (remnant vegetation patches, perennials for agriculture, etc.), spatial distributions, and size are taken into account. Governance system Natural resource management agencies. Local governments. NGOs. Special interest groups.
Modeled explicitly: some natural resource management, local governments, and state agencies are selected as part of a biodiversity conservation programs network.
Users Farmers (whose livelihood mainly comes from cereal crops and/or livestock).
Modeled explicitly: farmers are modelled as intermediaries between the governance system and the resource units. Their number, socioeconomic attributes, locations, and knowledge of the system are taken into account. Interactions Management of native vegetation by farmers on their land. Information sharing among farmers. Information sharing among natural resource management personnel. Conflicts among and/or between farmers (as individuals or groups) and natural resource management personnel. Promotion of conservation programs. Lobbying activities regarding conservation programs. Self-organizing activities (mainly at the farmer level). Networking activities. Etc.
Some interactions are explicitly included in the model. Within the governance system (modelled as a network): natural resource management and NGO personnel, farmers, etc. exchange information and collaborate on promotion and/or implementation of biodiversity conservation programs. Within the resource system (also modelled as a network), interactions include seed dispersal and capacity of animals to migrate from one patch to another (both a function of distance and landscape features between two patches).
Between the governance and resource systems, the users (farmers) act as intermediaries by deciding on the extent to implement biodiversity conservation programs. Outcomes Ecological performance measures (biodiversity, resilience, etc.).
Modeled explicitly: structural indices related to resilience are calculated from the patterns of interactions described above.
in program promotion, and/or implementation efforts, is mapped from a series of interviews. In this network, each actor (individual or agency) is a node and their interactions are edges. For the resource system, satellite remote sensing is used to identify the significant native vegetation patches of the region (resource units). Links are established thereafter between patches, according to the maximum dispersal distance of a selection of animal and plant species, to form a habitat network. As resource units (native vegetation patches) and resources users (farmers) are spatially located, both networks can then be connected. In this coupled social-ecological network, the governance network influences individual resource users, who in turn affect resource units, which in turn affect the resource system. As a consequence, changes in the social subsystem (removal of nodes or edges) may spread to the ecological system and affect habitat connectivity. How these perturbations spread through the networks and how they affect its resilience may then be analyzed through a series of structural metrics (see Gonzalès and Parrott 2012 for a short review).
Unlike the two previous examples, this model does not have a dynamic component. However, in a future version, the dynamics of actors may be modeled using an agent-based approach, and the resource units may also be modeled using a spatial land-use model. These components can then be interlinked with the network to permit the evolution of the social-ecological network over time and to facilitate the exploration of certain "what-if" scenarios.
Applications
The model can be applied to better understand and identify the structural characteristics leading to both robustness and adaptability in the coupled governance and resource systems. With relatively simple analyses, this social-ecological model can quickly help identify which resource units are more important to landscape-level habitat connectivity or, in a context of climate change, which resource units are the most threatened. Knowing this, the coupled model can help identify where, within the governance system, more intensive management initiatives should be put in order to protect these Ecology and Society 17(3): 32 http://www.ecologyandsociety.org/vol17/iss3/art32/ areas first. Similarly, the model can, by identifying gaps in the connectivity of the governance network, or by pinpointing areas of the network where too few actors control access to a disproportionate amount of information, help focus efforts to better share information and collaborate within, and among, agencies. Importantly in the context of this case study, this model can identify actors that strongly connect program managers with resource users, and inform governance initiatives that could help provide information to resource users more efficiently in order to encourage them to participate in biodiversity-protection programs. Finally, another set of analyses can help explore the nonlinear responses of the system by identifying which node or link removals would spread perturbations the farthest across the governance and habitat networks.
Building upon the same ideas, this approach can help explore "what-if" scenarios where nodes and/or links might be added or removed from the system. Such scenarios, which would take advantage of the bottom-up approach of this model to tackle questions that would be difficult to answer using more standard methods, might include: What if a state agency was to curb its efforts in biodiversity conservation on the Eyre Peninsula? How would the disturbance caused by the removed nodes within the governance system spread through the ecological network and impact the robustness and adaptive capacity of the social-ecological system? How, on the other hand, would an increase in funding towards local initiatives help build social capital at the community level? How, in turn, would this new higher density of interactions in one small part of the network spread across organizational scales and affect both the structural qualities of the whole governance network and of the habitat?
Many scenarios and analyses of this sort can be explored to take advantage of the bottom up, nonlinear aspect of the system, and tackle questions that would have been difficult to answer with more standard methods. When the analyses and scenarios are carefully formulated to fit a population's needs, this kind of model can contribute to the development of climate change adaptation strategies as well as inform stakeholders on how to best implement management and planning programs so as to create a more resilient regional landscape.
DISCUSSION
We have described three case studies in which bottom-up, hybrid modeling approaches are used to improve our understanding and analytical capacity for managing landscapes as complex social-ecological systems. Bottom-up modeling is one approach that permits the explicit consideration of cross-scale interactions, emergence, and nonlinearity when analyzing and characterizing the structure and dynamics of landscapes.
These three case studies show three different ways in which the overall approach of bottom-up modeling can be implemented to study a regional system. The choice of how to implement the approach, what to model, and in what detail, depended on the problem being studied and the available data. In the first two case studies, objects representing human and biophysical components, e.g., boats, whales, and forest mammals, interact in a realistic, spatially explicit environment. Their collective behavior gives rise to emergent patterns and processes on the landscape, e.g., animal home ranges, "hotspots" of boat activity, which in turn feedback to modify the behavior of individuals. In the third case study, human and ecological components of the system are modeled as spatially located, interacting nodes in a network. The network representation allows a detailed study of emergent modularity and other structural properties that are important for system sustainability (Gonzalès and Parrott 2012) . To simplify the modeling process, in all three cases, policy and management scenarios for conservation are implemented by the end-user of the model via an interface with the model. The dynamic of the governance process that leads to policy development, and the feedback between system outcomes and new policy and management scenarios, are thus not explicitly modeled. The scenarios proposed by an end-user serve to constrain the behavior of individual components-e.g., caribou movement on a recently harvested landscape will be modified; whale-watching tour boats must respect regulations regarding speed limits and approach distance while in the presence of marine mammals; a new land-use policy requires the conservation of native flora and fauna on 20% of all privately owned land-thus affecting not only individual decisions but also the nature of the patterns and processes that emerge. In this way, the end-user can explore how different interventions influencing individual-level behavior are manifested in the patterns and processes that emerge on the landscape. This exercise may ultimately lead to hypothesis building about the mechanisms behind observed patterns on the landscape and to reverse engineering experiments in which one attempts to find the appropriate set of policies, regulations, or direct interventions that give rise to a desired outcome at the landscape scale.
While the models described here are, like every model, caricatures of the real systems, they are also heavily grounded in empirical data. In our experience, the strong link to data, used for model development, calibration, and validation, leads to relatively realistic representations of the phenomena being studied and instills confidence in the model end-users. However, the data required to build a good bottom-up model is not always available, and this can limit the general applicability of the approach. Additional challenges in bottomup modeling include the length of time required to build and validate a good model and the problem of maintaining the model (through addition of new data) so that it can have a usable lifetime extending over multiple years. Lastly, a model intended for application in natural resource management needs http://www.ecologyandsociety.org/vol17/iss3/art32/ to be pertinent to the people who will use it. The participation and contribution of end-users to building the model is essential to ensure that it will be useful and answer the right questions at the end. These last considerations are likely true for any applied modeling exercise and not just for bottom-up modeling.
A bottom-up model, built in collaboration with resource users and representatives from the governance system, can contribute to increased understanding of the dynamics of the resource units and resource system. It is thus an appropriate tool to harness when seeking to facilitate the self-organization of sustainable resource management within a social-ecological system. Many of the variables that Ostrom identified as being necessary for sustainable management are also necessary precursors to a successful model-building project: clearly defined system boundaries and quantifiable states of the resource units, for example. We would add to this list model end-users who are heavily involved in model creation and clearly defined modeling objectives. Lastly, once completed, the model itself becomes a repository of knowledge about the system that surpasses the understanding of any one individual and that can be communicated and shared amongst all resource users.
CONCLUSION
The literature repeatedly calls for the need to consider that processes and functions on a landscape are the result of multiple interactions and feedbacks across scales of space, time, and organization (Liu et al. 2007b , Ryan et al. 2007 , Cumming et al. 2010 , Cumming 2011 . Cross-scale interactions, in the form of landscape pattern that affects individual movement patterns, institutional policies that affect navigational patterns, or governance systems that emerge from individual initiatives, are evident in all three of the case studies described here. In each case, bottom-up modeling provides a way of representing components at one or more scales of interest and of allowing cross-scale interactions to emerge within a simulation. In addition to interactions across scales, Ostrom and others have emphasized the importance of interactions between key ecological (resource system, resource units) and social components (governance system, resource users) for understanding the dynamics of complex social-ecological systems (Dietz et al. 2003 , Norberg and Cumming 2008 , Ostrom 2009 ). The hybrid models we describe explicitly include these interactions, in the form of management interventions that affect the natural environment or in the form of explicit modeling of users and their patterns of resource use.
All three case studies contribute to increased understanding of the studied system and permit the simulation of alternate future scenarios. Given the uncertainty involved in predicting the dynamics of complex systems, we propose that landscape futures should be studied in terms of envelopes of probable future states (Parrott and Meyer 2012) and that policy makers should make decisions designed to maintain the landscape within a desired envelope. Because they simulate emergence, bottom-up models can be used to identify the boundaries of these envelopes, within the limits of our knowledge and understanding of the system, and our ability to represent this knowledge in a model. Even so, the black swan theory (Taleb 2011 ) teaches us that rare, highly improbable outlier events have a disproportionate impact on the dynamics of a system, and are often responsible for completely redirecting its future trajectory. Such events cannot be predicted using known system properties, and the probability of recreating a black swan event in a model that also occurs in the future real world is extremely unlikely. However, bottom-up models can simulate the response of a system to an imposed "black swan" and can provide insight into which kinds of landscape structure and configuration are best adapted to dealing with such events.
Bottom-up models are easy to understand and communicate, and stakeholders can often be directly involved in model building by contributing to the elaboration of model assumptions and behavioral rules for entities in the model, by proposing scenarios to be studied, and by contributing to interpreting and communicating simulation outcomes. This type of participatory modeling is gaining popularity as a way of helping stakeholders understand the complex dynamics of the system in which they intervene (Videira et al. 2003) . Stakeholder engagement in the model-building process also ensures that the model responds to the needs of end-users and adequately incorporates multiple perspectives and conceptual models of the real system (Hare et al. 2003 , Prell et al. 2007 ). In our experience with the three case studies described here, the model-building process also contributes to synthesizing and consolidating knowledge and information about a system, and to identifying gaps in our understanding. In this way, the model-building process contributes to knowledge sharing amongst stakeholders, which is one of the key criteria behind successful comanagement of a regional landscape (Armitage et al. 2008) . Hybrid, bottom-up modeling is thus a key tool for landscape science that will likely continue to be used to inform management and planning in a wide range of natural resource management contexts.
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